Abstract: A series of Y 2.985 Al 5-x Ga x O 12 :0.015Ce (YAGG:Ce, x = 0, 1, 2, 3, 4, 5) transparent ceramics were prepared via a solid-state reaction method. Two-step sintering technique was proved to be an effective approach to prepare functional ceramics with high Ga concentration, and Y 3 Ga 5 O 12 (YGG) transparent ceramic was successfully prepared for the first time. According to the variation of Al/Ga ratio, regulation of band structure and luminescence properties of YAGG:Ce transparent ceramics were effectively investigated. When Ga substitutes Al sites, the tetrahedral site is more favorable compared to the octahedral site for Ga to occupy according to the first-principle calculation. A continuous blue shift of the emission from 565 to 515 nm was achieved as Ga was gradually introduced into Y 3 Al 5 O 12 :Ce matrix. High quality green light was obtained by coupling the YAGG:Ce ceramics with commercial blue InGaN chips. Transparent luminescence ceramics accomplished in this work can be quite prospective for high power LED application.
Introduction
Light-emitting diodes (LEDs) have been rapidly developed in the field of display and illumination due to their high luminous efficiency, long lifetime, and low energy consumption [1] [2] [3] [4] . Commercial LEDs normally use a blue InGaN chip exciting luminescent materials such as yellow-emitting Y 3 Al 5 O 12 :Ce (YAG:Ce) to generate white light [5, 6] . However, its main drawback is low color rendering index (CRI) due to the deficiency of red spectral region [7, 8] . At the same time, LEDs which emit pure green or red light were intensively studied in order to obtain high quality color display or combined white light [9, 10] . In recent years, nitride red phosphors with excellent luminescence properties such as M 2 Si 5 N 8 (M = Ba, Sr) [11, 12] and CaAlSiN 3 [13] have been widely investigated, while accomplishment of green-emitting luminescent materials with outstanding luminescence performance still remains the challenge.
Green-emitting luminescent materials play vital role in color display application such as pc-LEDs and combined white LEDs with RGB primary colors [14, 15] [18, 20] . Those fluorescent materials have the advantages of wide excitation and emission spectra, as well as high CRI. However, the preparation conditions of silicon-based nitrogen (oxygen) green phosphors are demanding [21] .
What is more important, phosphors involved solid-state lighting devices suffer the disadvantage of low thermal conductivity, which limits their application in high-power areas [22] . Transparent ceramics were reported as novel luminescent materials due to their favorable physical and luminescence properties [23, 24] . Luminescent ceramics build much higher thermal conductivity compared to that of epoxy packaged phosphors (always < 1 W/(m•K)). Ce-doped garnet is a promising material for green-emitting luminescent matrix [25] , such as Lu 3 Al 5 O 12 :Ce (LuAG:Ce). However, LuAG:Ce involves element Lu, which causes high cost of this material. Therefore, researchers accommodate different cations in garnet crystalline structure to adjust its band structure and luminescence properties in order to obtain high quality green-emitting luminescent ceramics with lower cost [26] . concentrations from 0.3 to 1 mol%, and the transmittance could reach around 50%-70% over 500 nm. Ueda [28] prepared a series of YAGG:Ce ceramics, which are able to emit adjustable green light via the variation of Ga concentration. Xu et al. [29] developed rare earth doped YAGG persistent phosphors with orange and light green persistent luminescence, based on the knowledge of the energy level diagram of lanthanide dopants. More importantly, cost of YAGG is much lower than that of LuAG. Thermal conductivity of YAGG:Ce luminescent material is between 9 and 14 W/m•K [30] , which is much higher than that of other green-emitting phosphors.
However, controllable preparation of YAGG:Ce luminescent ceramics remains a great challenge due to the evaporation of Ga at high temperature. Conventional sintering method such as vacuum sintering requires high temperature around 1700 ℃ [30] with long holding time; moreover, it is easy for Ga to evaporate at high temperature when its concentration is high [31, 32] specimens were mirror polished on both sides for characterization.
2 Characterization
Phase composition of the ceramics was characterized by X-ray diffraction (XRD, Model D8 Advance, Bruker AXS Co., Ltd., Germany), using Cu Kα radiation (1.5406 Å) over the range of 2θ = 10°-90°, and the XRD scan speed is 0.02 step/s. Surface morphologies were characterized by scanning electron microscopy (SEM, Quanta FEG 250, FEI Co., Ltd., USA). In-line transmittance spectra were tested using an UV/Vis/NIR spectrophotometer (Lambda 950, Perkin Elmer Co., Ltd., USA) over the wavelength range of 250-800 nm. PL and photoluminescence excitation (PLE) spectra were measured at room temperature using a fluorescence spectrophotometer (F-4600, Hitachi, Tokyo, Japan). Commission International de L'Eclairage chromaticity coordinates and color rendering index were measured by an integrating sphere (PMS-50, Everfine, China) under a forward bias of 300 mA. The internal and external QEs were measured by a QE-2100 spectrophotometer from Otsuka Photal Electronics. The fluorescence lifetime of Ce 3+ was measured by using the spectrometer FL-311 (Horiba Fluorolog) pumped by a Nano LED lamp with time of 1 ns.
3 Calculation methods
For the calculations of energy of Y 3 Al 5-x Ga x O 12 with x = 0.25, the calculations are based on density functional theory method in the generalized gradient approximation (GGA) and performed with the Perdew-Burke-Ernzerhof (PBE) functional [33] as implemented in the VASP code, which employs a plane-wave basis [34, 35] . The plane-wave energy cut-off is set to be 520.00 eV, and the electronic energy convergence is 10 −5 eV. During relaxations, the force convergence for ions is 10 −2 eV/Å.
And a Γ-centered 3×3×3 Monkhorst-Pack k-point mesh is used to sample the irreducible Brillouin zone. Figure 1 shows the picture of as-prepared YAGG:Ce transparent ceramics with different Ga doping concentration. All samples are 1 mm in thickness. It can be seen that all ceramics obtain good transparency.
Results and discussion
With increasing Ga concentration, the body color of the samples varies from yellow to greenish yellow. It indicates that pure YAG and YGG crystalline structures were obtained in samples x = 0 and x = 5, respectively. As Ga content increases, diffraction patterns of different ceramics are similar with no extra diffraction peaks observed. However, all diffraction peaks shift to lower angle with increasing Ga concentration ( Fig. 2(b) ), indicating the expansion of the unit cell. Calculated lattice constants of each sample from their XRD patterns are shown in Fig. 2(c) . The lattice constant increases linearly with increasing Ga content. That phenomenon follows the Vegard's law against Ga content, which can be attributed to the fact that ionic radius of Ga 3+ ion (0.62 nm) is larger than that of Al 3+ ion (0.535 nm) [36] . In order to better understand the effect of Ga concentration in YAGG:Ce ceramics on their optical properties, changes in crystalline structure of YAGG:Ce ceramics caused by different Ga concentration were analyzed. Rietveld refinements for YAG:Ce, Y 3 Al 3 Ga 2 O 12 :Ce, and YGG:Ce were carried out and presented in Fig. 3 . The main parameters determined with Rietveld refinements and the main bond lengths are provided in Table S1 in the Electronic Supplementary Material (ESM). Low R-factors in Table S1 in the ESM indicate that the results of Rietveld refinements are reliable. According to the refinement, Ce/Y-O bond lengths in its dodecahedron coordinated unit cell can be divided into two types, which is named L(Ce/Y-O') (shorter bond lengths) and L(Ce/Y-O*) (longer bond lengths) in present work, indicating that the structure of the dodecahedron is distorted. Polyhedron distortion ratio D can be quantitatively calculated using Eq. (1) [37, 38] :
(1) when the bond length change effect is solely considered, where L i is the distance from central cation atom to "i" coordinating oxygen atom, L av is the averaged bond The distortion of YAG:Ce is 2.5%, while that is decreased to 1.89% in YGG:Ce (Table S1 in the ESM). The effect of crystal structure on spectra and energy level structure will be discussed below. Figure 4 (a) shows the illustration of YAGG crystalline structure. Y cation occupies the dodecahedron site, while Al and Ga can be accommodated in the tetrahedron and octahedron sites. In YAG, all tetrahedron and octahedron sites are occupied by Al cations. When Ga is introduced into YAG matrix, it is reasonable to expect that Ga occupies the sites of octahedron firstly based on conventional ionic radius arguments and theoretical calculations [39] . However, experimental studies and energies obtained by first-principles calculation have shown that the tetrahedral site is more favorable compared to the octahedral site for Ga to occupy [40, 41] . To resolve above inconsistent opinions, we also performed the first-principles calculation for the Y 3 Al 5-x Ga x O 12 with x = 0.25. First-principles calculation shows that the energy of Y 3 Al 5-x Ga x O 12 as Ga occupies octahedral site is higher than that in tetrahedral site by 40 meV. This is consistent with the experimental results of Ref. [41] . According to experimental studies and Rietveld refinements, probability of Ga ions occupying octahedral (16a) and tetrahedral (24d) sites varying with Ga content is shown in Fig. 4(b) . As Ga concentration increases, the proportion of Ga ions occupying tetrahedral sites is always larger than that of octahedral sites. It further confirms that Ga ions occupy tetrahedral sites first. Figure S1 in the ESM shows the crystal structure of Y 3 Al 3 Ga 2 O 12 :Ce ceramic. Figure 5 shows the surface morphologies of YAGG:Ce ceramics with different Ga concentration. It can be seen from the images that all ceramics obtain regular grains and clean grain boundaries. In addition, average grain size became larger with increasing Ga content, which can be determined by linear intercept method (200 grains counted). Average grain size of sample x = 1 to x = 5 is 3.23, 5.32, 6.49, 8.60, and 12.72 μm, respectively. It indicates that the addition of Ga can significantly affect the sintering ability and growth behavior of YAG powders. When Ga concentration is high, such as x = 4 and x = 5 samples, curved grain boundaries can be observed (Figs. 5(e) and 5(f)). While it can be seen from the SEM images of samples from x = 3 to x = 5 that there is no Ga segregation. At the same time, atomic percentage is consistent with its matrix compound component according to EDS analysis (Fig. S2 in the ESM), indicating that no second phase exists at the grain boundary. Difference of grain boundary width is mainly caused by their different sintering ability. It indicated that strong stress was remained in the grain boundaries. Faster grain growth rate and remained stress in YAGG ceramics with higher Ga concentration make the accomplishment of those ceramics challenging work via other preparation methods. Figure 6 shows the in-line transmission spectra from The absorption bands around 400-500 nm can be attributed to 4f→ 5d 1 transition of Ce 3+ in garnet crystalline structure. The absorption band increases in intensity and shifts to shorter wavelengths as Ga content increases. That means the energies between 4f and 5d increased as Ga was introduced into the crystal structure. Figure 7 shows the PLE and PL spectra of different YAGG:Ce ceramics. Figure 7 (a) shows that two excitation bands were observed. One is in the range of 390-550 nm and the other is in the range of 320-380 nm, which can be ascribed to the transitions from the ground 4f level to the 5d 1 The excitation band at 320-380 nm is shifted to longer wavelength as Ga content increases, while excitation band at 390-550 nm is shifted to shorter wavelength. Thus, it can be calculated that with the increasing Ga concentration, 5d 1 band shifts towards a higher energy position, while 5d 2 band shifts towards the opposite direction. Splitting values of 5d is decreased while energy level difference between 4f to 5d is increased. That result is also consistent with the result shown in Fig. 6 . Samples can be effectively excited by all points on the platform of 425-455 nm, as shown in Fig. S3 in the ESM. The wide excitation platform can match better with blue light chip, which can help with the accomplishment of high luminous efficiency. Figure 7 (b) depicts the normalized emission spectra of YAGG:Ce transparent ceramics. As the adding amount of Ga increases, a continuous blue shift of the emission spectra is observed. For the sample x = 0, the emission peak is at 565 nm. While the emission peak of sample x = 4 is blue shifted to 515 nm. Changes in PLE and PL spectra can be attributed to the crystal field environment variation around the Ce 3+ ions [44] . According to the Rietveld refinement results aforementioned (Fig. 3) , L(Ce/Y-O') plays major role in the crystalline field of Ce ions. Introduction of Ga cation in garnet crystalline structure leads to the increase in L(Ce/Y-O') bond lengths, resulting in weaker crystal field splitting of the 5d orbital of Ce 3+ and a blue-shift emission. Polyhedron distortion ratio becomes smaller with increasing Ga. It indicates that crystal field around Ce 3+ ions becomes more symmetric, which is consistent with the results Table 1 shows the color coordinates, LE, and color temperature (CCT) of the samples as we combine our ceramics with blue LED chips. LE of YAG:Ce ceramic can reach up to 124.48 lm/W, which is of an excellent performance in YAG ceramic system. As Ga is introduced into the matrix, LE of those samples declines significantly. And the LE and color coordinate for the x = 5 LED device is just the evaluation of blue LED itself, since YGG:Ce sample did not contribute any luminescence. The CCT of the samples gradually increases from nearly 4000 to over 6000 K, which is consistent with the rule that the color of samples changes from orange to green. blue component of combined LED chip. It can be seen that the color coordinates of ceramics move towards the green light region as Ga content increases. Insets on the bottom of Fig. 9 (a) are pictures of luminescence performance of different ceramics. YAG ceramic emitted yellow light, while high quality green light was obtained by coupling the YAGG:Ce ceramics with commercial blue LED chips. It can be seen from Fig. 9(b) that the intensity of blue portion increases with Ga content increasing, owing to the internal scattering of ceramics, which causes the weakening of the ability to absorb blue light. As a result, the proportion of the transmitted blue light increases. While the proportion of green light gradually increases as Ga concentration increases, which is consistent with Fig. 7(b) . When Ga concentration is high, the PL intensity is weak and the luminescence intensity of LED device also decreases. The temperature-dependent luminescence intensity of YAGG:Ce (x = 0-5) ceramics was measured in the temperature range of 25-200 ℃ . The results are shown in Fig. 10 . Luminescence intensity of all samples decreases as the temperature rises. When x = 0, 1, 2, 3, 4, the luminescence intensity of YAGG:Ce ceramics at 150 ℃ is 93.6%, 90.7%, 83.6%, 19.1%, and 9.4% of their intensity measured at 25 ℃, which indicates that YAGG:Ce ceramics have good thermal stability when Ga concentration is less than 60%.
Conclusions
YAGG:Ce transparent ceramics can be prepared via a two-step sintering technique. Especially, Y 3 Ga 5 O 12 (YGG) transparent ceramic was successfully prepared for the first time, which was demonstrated to be a potential ceramic matrix for exploration of novel luminescent materials. The effects of Ga concentration on the crystal structure, morphology, energy level structure, and optical property of YAGG:Ce ceramics were intensively investigated. According to the first-principles calculation and Rietveld refinements, when Ga substitutes Al sites, the tetrahedral site is more favorable than the octahedral site to occupy. As Ga concentration increased, its grain size increased and a continuous blue shift of the emission from 565 to 515 nm can be achieved. It can be seen from the chromaticity color coordinates that the colors of samples transfer from warm yellow region to green region. High quality green light was obtained by coupling the YAGG:Ce ceramics with commercial blue LED chips. Transparent luminescence ceramics accomplished in this work can be quite prospective for high power LED application. To view a copy of this licence, visit http://creativecommons. org/licenses/by/4.0/.
